The destruction of erythrocytes is one of the most frequently observed causes of severe malarial anemia. Recently, we showed that tagging normal erythrocytes and cells of erythroid precursors with rhoptry-derived proteins can trigger their destruction. In the present study, we used rhoptryassociated protein (RAP)-1 and RAP-3 gene-disruption mutant Plasmodium falciparum parasites and showed that 2 members of a rhoptry protein complex, RAP-1 and RAP-2, bind to the surface of normal erythrocytes. Surface iodination experiments showed that RAP-1 but not RAP-3 mutant parasites lose their capacity to tag erythrocytes. This work opens new doors into the investigation of the molecular mechanism of anemia in patients with malaria.
such as the accelerated elimination of infected erythrocytes (IEs) and normal erythrocytes (NEs), the destruction of parasitized red blood cells during schizont bursting, and diserythropoiesis. The removal of NEs is considered to be a key factor.
In a previous work, we described 2 ring stage-infected erythrocyte (RIE) surface molecules: ring surface protein (RSP)-1 and -2 [3] . Using specific monoclonal antibodies (MAbs) directed against the RIE surface, we identified RSP-2 as a rhoptry protein that binds to the surface of NEs and erythroid lineage during a process termed "abortive merozoite invasion" [4] . Given the natural immune response against RSP-2 during infection in the human host, antibodies against these molecules can lead to the destruction of RSP-2-tagged host cells in vitro [5] . The aim of the present study was to characterize a rhoptry protein complex that is transferred during abortive merozoite invasion to the surface of erythrocytes. Furthermore, we show that mouse MAbs raised against the rhoptry complex at the surface of erythrocytes are directed against the N-terminal region of rhoptry-associated protein (RAP)-2.
Materials and methods. P. falciparum asexual erythrocyticstage parasites were cultivated under standard culture conditions [6] with some minor modifications: for the liquid immunofluorescence assay (L-IFA), we replaced 10% human serum with 0.25% (wt/vol) Albumax I (Life Technology). We used FCR3
CSA , D10 (MRA-201 from the Malaria Research and Reference Reagent Resource Center [MR4]), D10DRAP1 [7] , W2 (MRA-157 from the MR4), and W2mefDRAP3 [8] laboratory strains. In D10DRAP1 and W2mefDRAP3, gene-targeting technology was used to disrupt the rap-1 and rap-3 genes, respectively. Transfected parasites were grown on selective pressure with 1 mmol/L pyrimethamine (D10DRAP1) or 2 nmol/L WR99210 (W2mefDRAP3).
For the L-IFA, 10 mL of IEs were washed twice with culture medium (without human serum or Albumax) and incubated in 40 mg/mL 4 ,6 -diamidino-2-phenylindole dihydrochloride (DAPI; Interchim) for 45 min at 37ЊC. After washing, IEs were incubated for 30 min at 4ЊC with pure MAb culture supernatant. As negative controls, we used P3U1 culture supernatant. IEs were washed twice and then incubated again at 4ЊC for 30 min with a goat F(ab )2 Alexa Fluor 488-labeled anti-mouse IgG (Interchim) diluted 1:200. For air-dried IFA (AD-IFA), airdried IE blood smears were washed twice with PBS (pH 7.2). MAb culture supernatants were incubated for 30 min at room temperature in a humid chamber. After washing, the secondary antibody was F(ab ) 2 goat anti-mouse IgG Alexa Fluor 488 (green) or Alexa Fluor 494 (red; Molecular Probes), diluted 1: 200; this was incubated for an additional 30 min at room temperature in a humid chamber. For the colocalization study, MAb B4 was conjugated to Alexa Fluor 488 (diluted 1:100) using a kit (A-20181; Molecular Probes). Slides were washed, dried, and mounted. A nuclear stain was obtained using Vectashield mounting medium with DAPI (Vector Laboratories). IFA staining was analyzed with a Nikon E800 microscope, and images were acquired with a DDx Nikon camera.
All fusion proteins were expressed as glutathione S-transferase (GST) fusions using pGEX vectors (Pharmacia Biotech). Fragments used for subcloning were generated by polymerase chain reaction using FCR3 strain genomic DNA and were inserted between the BamH1 and EcoR1 sites of pGEX-B. The entire rap-2 gene was cloned using the following oligonucleotide primers: 5'-CgggATCCggTTTAAAATTTTATgTATTAgTT-3 (sense) containing a BamH1 site (in bold type) and 5 -CggAATTCTTAAAgAACATTTAATTCTCTAAT-3 (antisense) containing a stop codon (underlined) and an EcoR1 site (in bold type). The rap-2 gene was mapped with three 600-bp oligonucleotides using, respectively, 5 -CgggATCCggTTTAAAATTTTATgTATTAgTT-3 (sense) containing a BamH1 site (in bold type) and 5 -CggAATTCTTATCCAAggTAATCTTTATAAgg-3 (antisense) containing a stop codon (underlined) and an EcoR1 site (in bold type), 5 -CgggATCCCTTAAggATATTAAgTCTATg-3 (sense) containing a BamH1 site (in bold type) and 5 -CggAATTCTTATgTAATTAAATCATCTggTgT-3 (antisense) containing a stop codon (underlined) and an EcoR1 site (in bold type), and 5 -CgggATCCCCTTATAAAgATTACCTTgg-3 (sense) containing a BamH1 site (in bold type) and 5 -CggAATTCTTAAAgAACATTTAATTCTCTAAT-3 (antisense) containing a stop codon (underlined) and an EcoR1 site (in bold type). A single 600-bp fragment was constructed for the rap-3 gene that included the 5 terminus, using 5 -CgggATCCATTAgAAAATTTTTgATTTCgTTATTT-3 (sense) containing a BamH1 site (in bold type) and 5 -CggAATTCTTATTgATCATCAggTATATgTgg-3 (antisense) containing a stop codon (underlined) and an EcoR1 site (in bold type). GST fusion proteins were expressed in Escherichia coli strain BL21. Cells were grown to an OD 600 nm of 0.6 and were induced with 0.5 mmol/L isopropyl-b-d-thiogalactopyranoside for 3 h at 37ЊC. Cells were harvested and resuspended in 1ϫ SDS-dithiothreitol sample buffer (Red Loading Buffer pack; New England Biolabs).
Whole bacteria or schizont extracts were fractionated by 10% SDS-PAGE and transferred to a nitrocellulose membrane (Amersham). Western blotting was performed using a mouse anti-GST MAb (Santa Cruz Biotechnology) at 1:10,000. An alkaline phosphatase-conjugated goat anti-mouse IgG[H+L] (Promega) secondary antibody was used at a dilution of 1:5000. Signal detection was performed using a 5-bromo-4-chloro-3-indolyl-phosphate/ nitroblue tetrazolium color kit (Promega).
125
I surface labeling of RIEs (110% parasitemia) was achieved using the lactoperoxidase method described elsewhere [9] . Proteins were extracted using 1% Triton X-100 in PBS with a protease inhibitor mixture (Complete; Roche). Extracts were immunoprecipitated with MAbs. IgG immune complexes were precipitated by incubation with protein G-sepharose (Amersham Pharmacia Biotech) and were analyzed on 5%-10% gradient SDS-PAGE, dried, and exposed to Kodak BioMax MS-1 film with a BioMax TranScreen-HE system at Ϫ80ЊC (Kodak).
Results and discussion. Previous work showed that MAbs B4 and C10 directed against RSP-2 recognize a molecule at the surface of RSP-2-tagged erythrocytes and in rhoptries of 42 kDa [4] . That work suggested that RSP-2 might correspond to a protein identified as RAP-2 [10] [11] [12] or its homolog, RAP-3 [8] . Both are part of a rhoptry protein complex, together with RAP-1. To test that hypothesis, we investigated how RSP-2 tagging of NEs relates to proteins of the low-molecular-mass rhoptry protein complex. We used wild-type parasites (FCR3 CSA , D10, and W2) and gene-targeted parasites in which the rap-1 or the rap-3 gene had been disrupted (D10DRAP1 and W2mefDRAP3) [7, 8] . We were not able to study RAP-2-deficient parasites, because rap-2 gene disruption did not yield viable transgenic parasites (A. Cowman, personal communication).
AD-IFA ( figure 1A ) of D10 and W2mefDRAP3, using either anti-RSP-2 (MAbs B4 and C10 [4] ), anti-RAP-1 (7H8/50 [10] ), or anti-RAP-2 (3A9/48 [10] ), gave a punctuated fluorescence typical of rhoptry staining. D10DRAP1 expresses a truncated RAP-1 protein that is recognized by 7H8/50 and is able to traffic to the rhoptries ( figure 1A) . The truncation disrupts the interaction between RAP-1 and RAP-2. In this mutant parasite, RAP-2 is located in the endoplasmatic reticulum but not in the rhoptries [7] . MAbs B4 and C10 revealed a diffuse pattern with D10DRAP1 schizonts (figure 1A) identical to that seen for RAP-2 with 3A9/48. Disruption of RAP-3 resulted in a loss of the RAP-3 protein from the RAP complex in the rhoptry but had no effect on RAP-2 targeting (figure 1A) [8] .
RAP-1 has been reported to form a complex with RAP-2 and RAP-3 in rhoptries. We used the L-IFA to show that RAP-1 has a location similar to that of RSP-2/RAP-2 (figure 1B) and that it is found at the surface of NEs and RIEs. RSP-2/ RAP-2 and RAP-1 are detectable at the surface of FCR3 rings and also at the surface of FCR3 CSA , D10, and W2mefDRAP3 rings but not at the surface of D10DRAP1 rings (summarized  in table 1) . These data further demonstrate that RSP-2/RAP-2 and RAP-1 are part of the rhoptry complex that tags NEs.
To investigate the tagging process, we used surface iodination of ring-stage cultures. MAbs B4 and C10 immunoprecipitate RSP-2 and several other bands from 125 I surface-labeled RIE extracts from D10 ( figure 1C) . The 79-and 42-kDa bands correspond to RAP-1 and RAP-2/RSP-2, as shown by Westernblot analysis ( figure 1D ). MAbs 7H8/50 immunoprecipitate the same set of proteins (data not shown). None of these MAbs immunoprecipitate proteins, either in D10DRAP1 RIE extracts ( figure 1C, lane 2) or in NE extracts (data not shown). The RSP-2/RAP-2 rhoptry complex apparently is the most prominent target at the surface of NEs in serum from patients with malaria, given that their samples did not recognize the surface of cultured D10DRAP1 [5] . Immunoprecipitation with MAb against RSP-2 revealed the association of RAP-1/RAP-2 with proteins (83 and 50 kDa) that are not usually found in the rhoptry complex. It is possible that these proteins are erythrocyte surface molecules that may serve as receptors for the tagging process. This hypothesis needs further investigation.
RAP-1 and RAP-2 are candidate antigens for a malaria vac-cine, and both proteins are natural immune targets [13] . Some MAbs developed against RSP-2/RAP-2 and RAP-1 have been shown in vitro to inhibit parasite invasion [4, 14] . Vaccine trials with RAP-1 and RAP-2 were conducted in different Saimiri monkey models [15] . They showed promising results, with lower peaks of parasitemia in immunized monkeys than in control monkeys and protection from subsequent challenge. Both MAbs C10 and B4 reacted specifically with RSP-2/RAP-2-tagged erythrocytes and efficiently inhibited merozoite invasion [4] . We expressed the rap-2 and rap-3 genes as recombinant GST fusion proteins in E. coli. MAbs B4 and C10 recognized the 71-kDa RAP-2-GST fusion protein by Western blotting (figure 2). To better characterize which part of the RAP-2 protein is recognized, we produced RAP-2 subfragments. Mabs B4 and C10 also recognized the 49-kDa (aa 2-203) RAP-2-GST subfragment but not the aa 102-296 RAP-2 or aa 196-398 RAP-2-GST subfragment.
Our results show that MAbs B4 and C10 are specifically directed against the N-terminal region of RAP-2 and not against the closely related RAP-3. Further fine mapping using smaller overlapping GST-fusion proteins B1-B3 (figure 2A) or synthetic peptides (data not shown) was not successful. We conclude that both MAbs bind to conformational epitopes located in the first 200 aa of the N-terminal region. P. falciparum parasite proteins expressed at the surface of erythrocytes are of great importance for our understanding of the physiopathology of malaria. In the present study, we have identified 2 proteins of a rhoptry complex of P. falciparum that are part of a puzzling biological process. This complex may either be transferred into the parasitophorous vacuole during the merozoite invasion process (default pathway) or, alternatively, tag erythrocytes during aborted merozoite invasion, which has been observed during in vitro culture and occasionally in humans and in the splenectomized experimental Saimiri monkey host [5] (J.G., unpublished data).
Our observation of massive tagging of NEs with a rhoptry complex sheds light on the molecular basis of malaria-associated anemia. This mechanism may participate in severe anemia in cases in which the patient with malaria develops high parasitemia and an anti-RAP-1 and anti-RSP-2/RAP-2 immune response of a level not high enough to efficiently block merozoite invasion but high enough to trigger the destruction or removal of tagged erythrocytes or precursor cells. The percentage of RSP-2-positive erythrocytes depends on the level of parasitemia. Parasite cultures at parasitemia of ∼8% bear the RSP-2 complex at ∼30% of NEs at their surface [5] . In conclusion, tagging of normal host cells has been validated as a potential mechanism in anemia in the laboratory, and its molecular key players have been unambiguously identified by use of mutant parasites. Our work has developed the experimental tools for in-depth epidemiological studies to investigate the role of RSP-2/RAP-2 and RAP-1 in the physiopathology of severe anemia.
